Summer growth reduction in juvenile flatfish has been observed in various temperate coastal areas, suggesting a general mechanism. One possible mechanism that might explain this phenomenon is related to trophic limitation. After the spring phytoplankton bloom macrozoobenthic infauna becomes less active above the sediment, thereby affecting the time spent by predatory flatfish on searching for prey and hence, causing a reduction in food intake and in growth. Here, our aim is to gather evidence to substantiate this so-called "summer growth reduction" hypothesis by analyzing summer growth for 0-group flounder Platichthys flesus at the Balgzand intertidal area in the western Dutch Wadden Sea, under the prediction that flounder, as a more epibenthic predator, would suffer less or not at all from summer growth reduction in contrast to 0-group plaice Pleuronectes platessa, a more benthic feeder. Summer growth was studied for three contrasting years with respect to preceding winter water temperature conditions (cold, average and warm year) to exclude possible irreversible non-genetic adaptation of growth to water temperature conditions . Growth performance was analyzed by combining information on individual growth based on otolith daily ring analysis with predictions of maximum growth (= under optimal food conditions) based on a Dynamic Energy Budget model. In line with expectations and in contrast to 0-group plaice, no trend in growth performance over time was found suggesting that 0-group flounder showed no growth reduction after summer, providing further basis for a future testing of the trophic limitation hypothesis.
Introduction
Shallow coastal systems are widely recognized as important nurseries for marine fish species (Zijlstra, 1972; reviewed in Beck et al., 2001) . For many decades, the focus of research has been on the carrying capacity of these areas in terms of output in numbers and growth conditions (Zijlstra, 1972; MacCall, 1990; Kashiwai, 1995; Le Pape & Bonhommeau, 2015) . The demersal habitat has received particular attention due to the fact that it can be quantitatively studied with small demersal trawls (Kuipers, 1975; Kuipers et al., 1992) . Furthermore, in temperate systems, the shallow areas are used by a relatively small number of non-commercially and commercially species, including flatfishes that concentrate in high numbers during early life such as, plaice (Pleuronectes platessa), flounder (Platichthys flesus) and sole (Solea solea) (Riley & Corlett, 1966; Macer, 1967; Edwards & Steele, 1968; Kuipers, 1977; Lockwood, 1980; Zijlstra et al., 1982; Berghahn, 1986; van der Veer, 1986; van der Veer et al., 1991 van der Veer et al., , 2001 Nash & Geffen, 2000 , Teal et al., 2012 .
Juvenile growth has been thoroughly studied in coastal nursery areas whereby, over the years, not only tools and methodologies have changed but also the knowledge on the biotic and abiotic factors influencing growth. First studies suggested favorable or even maximum growth and optimal food conditions in several European coastal waters (Zijlstra et al., 1982; van der Veer, 1986; Bergman et al., 1988; Selleslagh & Amara, 2013) . This lead to the formulation of the "maximum growth/optimal food conditions" hypothesis (sensu Karakiri et al., 1991 , van der Veer & Witte, 1993 : growth rates in these environments are maximum and mainly controlled by prevailing water temperatures. Since then, a variety of factors ranging from food quality and quantity (Karakiri et al., 1991; van der Veer & Witte, 1993) , irreversible non-genetic adaptation (van der Veer et al., 2000a) and sex have been identified as causes of growth variation in juvenile flatfish. In addition, there has been considerable debate on the existence of density -dependent food
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A C C E P T E D M A N U S C R I P T limitation (for overview see Le Pape & Bonhommeau, 2015) . As a consequence, small-scale spatial and temporal heterogeneity in growth and condition of juvenile fish can be expected and this has indeed been found (Ciotti et al., 2013a (Ciotti et al., ,b, 2014 .
At larger spatial scales, temporal variability in growth among various flatfish species has also been found (Amara, 2003; Fonseca et al., 2006; Hurst & Abookire, 2006; van der Veer et al., 2010; Freitas et al., 2012 Freitas et al., , 2016 Ciotti et al., 2013a,b) . Growth varies not only among nursery areas but also among cohorts or age groups of a given species and even among subcohorts during settlement (Fonseca et al., 2006) . The most prominent pattern was the temporal variation during the year, with a maximum immediately after settlement, and declining to a lower and stable level in summer.
This so-called "summer growth reduction" hypothesis was studied in more detail for 0-group plaice in the western Dutch Wadden Sea, whereby it was postulated that the underlying cause could be a reduction in activity of the infauna after the spring phytoplankton bloom . This reduced benthic activity is thought to cause an increase in searching time for juvenile plaice, ultimately leading to a lower prey intake. This hypothesis was supported by the observed late summer decrease in stomach content biomass in 0-group plaice, and especially of regenerating body parts of macrobenthic prey (Kuipers, 1977; de Vlas, 1979; . However, conclusions were hampered by the fact that field growth was estimated from shifts in mean size of the population over time, whereby bias such as size-selective predation and/or migration movements could not be excluded . To reduce this bias, the "summer growth reduction" hypothesis was re-evaluated for 0-group plaice using otolith microstructure analysis (Cardoso et al., 2016) . The later study confirmed that growth conditions for 0-group plaice in the western Wadden Sea were not optimal and that a growth reduction occurred in summer, although this decline was smaller than previously observed based on population growth (Freitas et al., 2012) .
A C C E P T E D M A N U S C R I P T
Juvenile plaice in the Wadden Sea feeds mainly on a variety of macroozoobenthic prey items, including both polychaetes and bivalves (Kuipers, 1977; de Vlas, 1979) . If benthic activity is indeed the key underlying factor for summer growth reduction, then we expect that a predator less reliant upon benthic infauna would exhibit less or even no summer growth reduction. Juvenile flounder Platichthys flesus is more an epibenthic feeder compared to juvenile plaice (de Vlas, 1979) . In a comparative study of the diet of juveniles of both species in a tidal flat area of the Dutch Wadden Sea, 0-group flounder diet contained more epibenthic crustaceans (e.g. Corophium sp., Crangon crangon) (de Vlas, 1979) .
Therefore, in the present study, we evaluated the growth conditions for 0-group flounder in the Balgzand intertidal area of the western Dutch Wadden Sea and compared it with the results obtained for 0-group plaice. To this end, growth was analyzed in line with the previous study in 0-group plaice by Cardoso et al. (2016) , by combining information on individual growth (size-at-post settlement age) derived from otolith microstructure analysis with predictions of maximum growth (i.e. under optimal food conditions) based on a Dynamic Energy Budget model (Kooijman, 2000; 2010) . Years with different temperature regimes were selected (1995, a year following a mild winter, 1996 following a severe winter and 2000 following an average winter), since water temperature during early life may affect the growth performance later on in the juvenile life phase due to irreversible non-genetic adaptation of growth to water temperature conditions (van der Veer & Witte, 1999)
Materials and methods
2.1. Sampling 0-group flounder were sampled at the Balgzand intertidal area of the western Dutch Wadden Sea (Fig. 1 ). Samples were collected at regular intervals of two to four weeks during the course of the year, from March to August in 1995 (after a warm winter), from
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February to September in 1996 (after a cold winter) and from January to October in 2000 (after an average winter). During each sampling, nine transects, each consisting of four stations were fished for a length of 100 meter with a 2m beam trawl (1 tickler chain: mesh size of 5 x 5 mm). Sampling occurred between 1.5 hours before until 1.5 hour after high tide, since during this time period the juvenile flatfish population is considered to be randomly distributed over the intertidal area (Kuipers, 1977) . The 2m beam trawl with a meter-wheel attached to the trawl to assess the correct length of the haul, was towed by a rubber dinghy with a 25HP outboard engine at a constant speed of about 35 m.min -1 following Riley & Corlett (1966) . A GPS was used to establish the correct locations. During the hauls, water temperature was measured and compared to a daily temperature series collected from a long-term monitoring station (Marsdiep jetty) located at the southern tip of Texel (van Aken, 2008; Fig. 1 ). For more information see Zijlstra et al. (1982) and van der Veer (1986).
All catches were transported to the laboratory and frozen at −20˚C until further analysis. Within a week, catches were thawed and sorted out for 0-group flounder. In case of doubt, otoliths were removed to check for age. All individuals were measured to the nearest mm total length and subsequently fixed in 70% alcohol. In line with previous work , all numbers caught were corrected for size-selective mesh efficiency after Dapper (1978) and catch efficiency after Kuipers (1975) , using the data for plaice. For each haul, corrected numbers were converted into densities per 1000 m 2 (ind.
[10 3 m 2 ] -1 ) and the arithmetic mean was calculated for each survey as an index of population abundance on the tidal flats at high water. In addition, for each haul, the mean length was determined and subsequently, the arithmetic mean of all catches was considered to represent the mean length of the population.
Otolith analysis
A C C E P T E D M A N U S C R I P T
For each year, a number of fish were selected from all cruises in relation to their abundance for further otolith analysis: a total of 554 fishes in 1995, 448 in 1996 and 291 in 2000. Otolith analysis was done in line and similar to the methods described by Cardoso et al. (2016) . In short, from each fish, both sagittal otoliths were removed and whenever possible, the left otolith was selected, cleaned and air-dried for further analysis. For fish smaller than 30-35 mm, counting of the daily rings was done directly. For larger fish and hence larger otoliths with multiple layers, the otoliths were polished prior to reading. A drop of a thermoplastic adhesive (Crystalbond, Buehler, USA) was placed on the otolith with the sulcus facing upwards. After the thermoplastic adhesiv e had hardened, grinding and polishing were done by several grinding plates from coarse to fine (P1200, P2500 and P4000 silicon carbide abrasive papers; Buehler) and wet -polished (MasterPrep, Buehler) until the midplane of the otolith was visible. Next, the otolith was turned with the sulcus and ground surface facing downward, and the grinding and polishing steps were repeated on the unground side.
Daily rings (increments) were counted with a light microscope (Zeiss) coupled to a digital camera (AxioCam ICc3, Zeiss, Germany). Rings were counted from the first ring after the first accessory growth center, which was considered to be the first daily ring after settlement (following Geffen et al., 2011) , until the edge of the otolith. Counting was done by two experienced observers separately. When both counts differed by more than 10%, counting was repeated. If, after two counting rounds, the difference was still larger than 10%, then the otolith was excluded from further analysis. For each otolith (and fish), the mean of both counts was taken and considered to represent the age in days after settlement. Individual settlement date was determined by subtracting the number of counted rings (age in days) from the catch date.
Growth analysis
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The observed settlement period was split up in weekly periods (hereinafter referred to as cohorts). For each year, individual fish were assigned to the various cohorts based on their back-calculated settlement date. Subsequently, for each cohort, the age -length relationship was determined based on the otolith daily ring counts in combination with fish size.
Theoretical maximum growth
To calculate the theoretical maximum growth trajectories, a Dynamic Energy Budget (DEB) model (Kooijman, 2010) Table S1 ). Previous work on various flatfish species in different nurseries has confirmed the robustness of the DEB parameters (Freitas et al., 2012) .
The forcing variables of the DEB model are food density and wa ter temperature whereby the former is linked to assimilated energy via the scaled functional response ( f), a dimensionless parameter varying between 0 (representing starvation) and 1 ( ad libitum food). In this study we assume unlimited and constant food conditions which, in this case simplify the DEB model equations describing the growth dynamics into the Von Bertalanffy growth model (Kooijman, 2010): (1)
The parameters L ∞ (ultimate size; cm), L (observed length; cm) and r B (von Bertalanffy growth rate constant, d -1 ) can thus be written as a combination of DEB parameters described in equations 2 and 3:
(2)
( 3) where f is the scaled functional response (dimensionless), δ M is the shape coefficient (-), L m the maximum volumetric length (cm), v̇ is the energy conductance (cm d -1 ), g is the investment ratio (-) that stands for the costs of new bio volume relative to the maximum potentially available energy for growth and maintenance, and KṀ is the maintenance rate coefficient (d -1 ), which stands for the ratio of somatic maintenance costs to structure (van der Veer et al., 2010).
Growth rates are affected not only by food availability but also by temperature conditions, due to the temperature dependence of physiological rates. All DEB model parameters representing rates (e.g. v, KṀ) are thus affected by temperature and this thermal dependence is described using an Arrhenius-type relationship extended to account for the effects of temperature at both lower and upper tolerance boundaries for the species (Kooijman 2010, p. 21; van der Veer et al. 2010, Eq. 4): (4)
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where T is absolute temperature (K), T AL and T AH are Arrhenius temperatures (K) for the rate of decrease at the lower (T L ) and upper (T H ) boundaries, respectively. T 1 is the reference temperature, T A the Arrhenius temperature, and k 1 is the rate at the reference temperature. For parameter values see Supplementary Table S1 .
Mean daily temperature data were derived from measurements taken every 30 minutes at the Marsdiep jetty (van Aken, 2008 (van Aken, ) in 1995 (van Aken, , 1996 (van Aken, and 2000 For the three years, for each settling cohort a prediction of size (length) over time was made with the DEB model, assuming a starting length of 10 mm, unlimited and constant supply of food (f = 1) and the prevailing water temperatures. In DEB models, differences in energy budgets between sexes are reflected in different parameter values namely in those related to energy allocation (e.g. reproductive investment) and/or energy acquisition (ingestion, assimilation) (Kooijman, 2010) , and consequently, on their growth dynamics. Therefore, maximum growth predictions were made for both males and females separately (van der Veer et al., 2009; Cardoso et al. 2016 ).
Realized growth
Realized growth (RG, dimensionless), defined as the ratio between observed size and DEB-predicted maximum size under optimal food conditions, was calculated for each individual flounder separately and for all three years. For comparison with field growth where sexes were not distinguished, DEB-predicted maximum growth for males and females were first averaged assuming that in the nursery ground the sex ratio was 1:1.
Statistical analysis
All statistical analyses were carried out with the R package programming environment (R Core Team, 2017). The water temperatures measured at Balgzand were Model validation was done in line with previous analysis for plaice following Zuur et al. (2009) . For the various tests, model assumptions with respect to homogeneity, normality, independence, and absence of influential observations were met.
Results
Water temperature
Daily temperatures measured at the Marsdiep jetty during 1995, 1996 and 2000 were used instead of the less frequent water temperature measurements taken during sampling, since no significant differences were found between them (ANCOVA, p-value = 0.355). (Fig. 2) . 3b ) due to delayed settlement. However, the growth trajectory in all three years was generally similar. In August, 0-group flounder reached a maximum size of 87 mm in 1995 and 76 mm in 1996 and 78 mm in 2000 (Fig. 4) . The smallest individuals found in all years were 9 -10 mm total length.
Abundance and growth
Counting of otolith daily increments did not differ between observers (Student's ttest, p-value = 0.76). Back-calculation of settlement date revealed that settlement occurred over a period of 6 (1996 and 2000) to 8 weeks (1995) (Fig. 5 ). Settlement started in 1995 in Mid-March (18 March), in 1996 in mid-April (18 April) and in 2000 at the beginning of April (4 April). The peak in settlement date was also later in 1996 than in 1995 and 2000, around late April in 1995 and 2000 and two to four weeks later in 1996 (Fig. 5 ).
Realized growth
The observed length of 0-group flounder over all three years for each settling cohort together with the averaged DEB-predicted maximum growth trajectories of male and female are shown in Fig. 6. For 1995 , 1996 , there was a good fit between observe d and predicted length (ANOVA; for all three years, p < 0.001; Supplementary Data Fig. S1 ).
Overall, there was variation in RG based on individual observations, with values ranging from 0.6 (in 1995 and 1996) to a maximum of 1.6 (in 2000) (Fig. 7) Values above 1.0 will reflect males and values below 1 females. The average RG showed a very slight increase over time in 1996 and 2000 and from mid-may onwards in 1995, indicating relatively stable growth conditions over the season. Although temporal patterns we re similar between years, the RG in 1996 was on average at a lower level (0.89) than in the other two years (0.93 in 1995; 1.04 in 2000) suggesting that in 1996 sex ratio was not 1:1. In all three years, no decline in RG was found over time..
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Discussion
Flounder life cycle
In the North Sea region, t he life cycle of flounder resembles that of plaice. For both species, spawning areas are located in the open North Sea and show a spatial overlap (Harding et al., 1978) . As in plaice, large quantities of small larvae emigrate from the North Sea into the Wadden Sea every year in spring and sett le in this area (Creutzberg et al., 1978; van der Veer, 1986; van der Veer et al., 1991) . Spawning areas of plaice are located more offshore and the timing differs, with plaice spawning earlier than flounder (van der Land, 1991) . In addition, immigrating and settling larvae differ in size with an average size of 13 mm in plaice versus 9 -10 mm in flounder (Creutzberg et al., 1978; van der Veer, 1986; van der Veer et al., 1991) , reflecting the smaller egg size of flounder (Russell, 1976; van der Veer et al., 2003) . During settling, plaice has been found to prefer polyhaline areas whereas flounder is typically found near freshwater inlets (de Vlas, 1979; Kerstan, 1991; Bos & Thiel, 2006) .
For both species, interannual variability in the abundance of settling larvae and hence in year-class strength is observed (Creutzberg et al., 1978; Zijlstra et al., 1982; van der Veer, 1986; van der Veer et al., 1991; van der Veer & Witte, 1999; Jung et al., 2017) .
Although immigration of plaice and flounder partly overlap, plaice immigration starts on average about 1 month earlier than that in flounder (van der Veer, 1986; . For both species, year-class strength is determined during egg and/or larval development at open sea (van der Veer, 1986; van der Veer et al., 1991 van der Veer et al., , 2000b Leggett & DeBlois, 1994) . However, the underlying mechanisms might differ. While in plaice an inverse relationship exists between winter temperature and year-class strength (van der Veer, 1986; van der Veer & Witte, 1999) , such relationship is absent in flounder (van der A C C E P T E D M A N U S C R I P T , as also becomes clear in the present study. Although, as in plaice, flounder larval immigration is delayed after a severe winter due to reduced water temperature during drift and hence the longer period of development , year-class strength was in fact strongest in 1995, after a mild winter, than in 1996 after a very cold winter.
Otolith microstructure analysis showed differences in settlement date of flounder among years. In 1996, the peak in settlement happened two to four weeks later than in the other two years. The most evident cause of settlement delay and thus later larval Due to the fact that flounder larval immigration occurs on average 1 month later than that of plaice, flounder has a shorter growing season. Furthermore, in combination with their smaller larval size, flounder reach an average size at the end of their first growing season of about 7 cm compared with 10 cm in plaice (Cardoso et al., 2016;  this study).
Flounder growth conditions
Theoretical growth trajectories predicted by the DEB model were made assuming an unlimited food source with year-spec ific water temperatures, the so-called "maximum growth/optimal food condition" hypothesis (van der Veer & Witte, 1993; van der Veer et al., 2001) . Although no differences in realized growth were observed between the years, t he impact of temperature on flatfish growth has been confirmed by numerous studies (Al-Hossaini et al., 1989; Fonds et al., 1992; Modin and Pihl, 1994; Nash et al., 1994; Amara, 2003 Amara, , 2004 Teal et al., 2008; Gunnarsson et al., 2010; Geffen et al., 2011) . The effect of late settlement and low temperature in the beginning of the year (average of 0˚C) in 1996, when compared to 1995 and 2000 (average of 5˚C), is reflected on the average length of the 0-group population which is significantly lower in 1996 compared to 1995 and 2000.
A C C E P T E D M A N U S C R I P T
Settlement of flounder larvae extended over a period of about a maximum of two months, which is shorter than the period of plaice larval immigration in the same area (Creutzberg et al., 1978; van der Veer, 1986; Cardoso et al., 2016) . Similar to plaice, growth conditions for flounder were analyzed for various settling cohorts which, in this case, were assigned as 7-day groups of settlement. For most cohorts, field dat a were restricted to the smallest sizes only and for some cohorts in some years hardly any field observations were present. This resulted in incomplete growth trajectories for a number of cohorts and hence an insufficient amount of data for comparison with model simulations. Therefore, data were pooled for all cohorts together. It cannot be excluded that different sub cohorts differ in intrinsic growth rates, as has been found for plaice, due to differences in sex ratio or in ontogenetic background (Kinne, 1962; van der Veer et al., 2000a) . However, a common-garden growth experiment with two different populations of juvenile plaice from the Scottish west coast , revealed that systematic differences in size between nursery sites were not driven by differences in intrinsic growth potential but rather by nursery ground quality (Fox et al., 2014) . Therefore, we would expect that for flounder in the Balgzand area, growth differences between cohorts would also be small.
For all three years, the average realized growth (RG) differed from 1.0 and also varied slightly among years (1995: 0.93; 1996: 0.89; 2000: 1.04 ). This might suggest that the sex ratios differed from 1:1 and also differed among years. Furthermore, the absence of a decrease in realized growth in flounder indicates no summer growth reduction in contrast to plaice (Ciotti et al., 2013a,b; Freitas et al., 2012 Freitas et al., , 2016 van der Veer et al., 2010; Cardoso et al., 2016) . This confirms results of a previous growth analysis for flounder based on shifts in population mean size for the same area (Freitas et al., 2012) . These results provide further support to the formulation of a hypothesis to be tested in the future, about the causes of the summer growth decline in some flatfish species but not in others, namely a trophic mechanism.
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Feeding traits and summer growth reduction
The observed differences in summer growth between plaice (reduction) and flounder (no reduction) are in line with the "summer growth reduction" hypothesis where a link is made with the seasonal production cycle of the system. After the spring phytoplankton bloom, primary production decreases and, as a consequence, macrozoobenthos becomes less active. Strong support is provided by the seasonal growth pattern in the bivalve Macoma balthica in various areas, which shows only a short growing season followed by a long period of weight loss (Beukema & de Bruin, 1977; Nichols & Thompson, 1982) . This leads to a reduction in prey availability during the summer for predatory benthic flatfish, causing more searching time and a reduction of the time for food intake (van der Veer et al., 2016), with food limitation affecting growth (Le Pape & Bonhommeau., 2015; Tableau et al., 2016) . In contrast to benthic prey items, epibenthic prey items such as the Cranqon crangon remain present and also would not show any weight loss after summer, as they are omnivorous and prey on various benthic and epibenthic species (Oh et al., 2001) . In line with this hypothesis, epibenthic predators, such as flounder, do not suffer from summer growth reduction. The next step in testing the "summer growth reduction" hypothesis would be to focus on seasonal patterns in benthic activity as done by Moodley et al. (1998) in the northwestern Adriatic Sea. Another option would be focusing on a fully benthic feeding flatfish or other fish species. The sole (Solea solea) might be a good candidate for such an analysis. Also of interest would be an analysis with latitude, to test whether in parallel with a shorter seasonal signal in primary production, there is also a trend of increasing summer growth reduction. In fact, results from Freitas et al. (2012) seem to support this hypothesis: in plaice, declines in realized growth over summer were stronger (as indicated by the slopes of realized growth over time) in northern compared to southern locations, while not enough data were available to analyze the pattern in flounder and sole.
A C C E P T E D M A N U S C R I P T
In the present study, no evidence is found for summer growth reduction in 0-group flounder, in contrast to what was found for plaice by Cardoso et al. (2016) . This shows that two apparently similar species may respond differently to ecological changes and strengthens the importance of predicting possible shifts in fish populations. 
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Highlights:
"A comparison of growth in two juvenile flatfish species in the Dutch Wadden Sea: searching for a mechanism for summer growth reduction in flatfish nurseries "
In the enclosed manuscript, we show that: -Growth of 0-group flatfish in summer is studied using otolith data and DEB modelling.
-Growth reduction occurs in plaice (benthivore) but not in flounder (epibenthivore).
-A trophic mechanism may explain the summer growth reduction found in some species.
-Further studies are needed to evaluate the trophic limitation hypothesis. 
